At the present time, numerical dosimetry has reached a certain level of maturity and dedicated commercial software packages are already available. However, the fast and accurate characterization of exposure in real conditions is still challenging for many reasons. For instance, when the exact body posture has to be considered, the classical approach is to evaluate the source magnetic field and then to perform a dosimetric computation with a postured phantom. We propose a different approach that, thanks to a change of variable, makes it possible to use a non-postured body model by deforming the source term. We show that for some rigid transformations, this procedure does not end up in a change of tissue conductivity, which is localized in knees, elbows, and other articulations, where deformations due to posturing are large. Only the source term must be determined by modifying the original one through a suitable transformation.
I. INTRODUCTION
E XPOSURE of workers to non-ionizing electromagnetic fields is a source of concern and it is addressed by EU Directives 2013/35/UE [1] . In some cases, mitigation to reduce human exposure to electromagnetic fields is not sufficient (spot welding systems [2] , [3] ) or even impossible (e.g., MRI systems). In these cases, dosimetric computations are mandatory to assess the respect of the limits. The computational burden of these computations is usually high; moreover, it requires the accurate modeling of the electromagnetic field source and the posture of the exposed worker.
In these years, several realistic and detailed anatomical whole-body models of different types of human beings (e.g., male, female, children, pregnant woman, and so on) have been developed [4] . However, most of them were only available in the standing position with their arms along their sides. This greatly limited the possibility of studying the electromagnetic safety in realistic exposure situations. For this reason, postured phantoms based on the models with the upright configuration started to be developed such as the sitting one [5] or the one with outstretched arms [6] . Posture transformations are based on maintaining internal tissues and organ continuity. Some methods to posture existing phantoms have been developed, such as those in [7] , where a procedure for the posture transformation of the anatomically realistic whole-body models has been proposed and a software package to construct an arbitrary posture model has been created. These postured phantoms allowed carrying out the evaluation of human exposure to electromagnetic fields in realistic scenarios. However, posturing Manuscript computational phantoms is a cumbersome task [7] , [8] , which necessarily introduces some approximations. The purpose of this article is to show that, from a numerical point of view, the evaluation of human exposure to lowfrequency (LF) electromagnetic fields can avoid a postured phantom. We propose a completely different approach based on an equivalent deformation of the source term, which allows performing all dosimetric computations on a non-postured phantom, maintaining the same level of approximation of the postured model.
II. METHODS
Geometric transformations are well known in computational electromagnetics [9] , [10] . In general, a change of variable leads to a fictitious modification of material properties, which depends on the Jacobian matrix of the transformation. In this section, the differences between the classical approach and the proposed one are highlighted. In particular, we focus on the role played by the Jacobian matrix in the considered transformations.
A. Classical Approach
As underlined in Section I, in the classical approach the phantom assumes the required posture to reproduce a real scenario. Since in the LF numerical dosimetry the induced currents into the human body are too weak to modify the source field, human exposure to electromagnetic field problems can be solved by using the finite integration technique (FIT) using the electric scalar potential as unknown. This method can be seen as the extension of the scalar potential finite difference to tetrahedral meshes [11] . In the algebraic framework, the linear system is where G is the edge-to-node incidence matrix, M σ is the conductance matrix, ϕ is the electric scalar potential, and a is the line integral of the magnetic vector potential due to the sources along the mesh edges [12] (the bold letters will indicate the matrices and the vectors throughout this article). The right-hand side of (1) can be also evaluated knowing only the magnetic flux density (e.g., measurements). Details about solving this type of problem can be found in [13] .
B. Proposed Method
Since in the proposed method the phantom is non-postured, formulation (1) must be rewritten by considering a new tissue conductivity and a new source term. Let us assume that the map f : → p takes the non-postured body to the postured one p . Hereafter, the subscript p indicates the quantities that depend explicitly on the posture of the body. Formulation (1) can be rewritten as
This change of variable simplifies computations because now (2) refers directly to the non-postured body, eliminating the posturing step. On the other hand, elements dependent on the effect of the posture, i.e., tissue conductivity tensor M σ p and the source term a p , must be determined [10] . Both quantities depend on the Jacobian matrix J p of the map f
It is important to underline that M loc σ p is locally computed and then the domain-based matrix M σ p is assembled in a classical fem-like fashion. The Jacobian matrix is linked to the applied transformation.
C. Human Body Transformations
Movements that a human body can perform are manifold: flexion, extension, rotation, abduction, adduction, and circumduction. They have to be reproduced using geometric transformations when the postured phantom is created. The geometric transformations that can be used are translation, rotation, and stretching.
Translation and rotation belong to the isometry group, i.e., they are distance-preserving transformations between metric spaces. In particular, the Jacobian matrix of translation is the identity matrix. This means that, in (3), it does not contribute and, so, the tissue conductivity matrix can be rewritten as M loc σ p = M loc σ . Instead, since rotation is a direct isometry, its Jacobian matrix is orthogonal, i.e., J T p = J −1 p , and |J p | = 1. In most practical cases, the local conductivity is isotropic, so M loc σ = σ I. For this reason, the tissue conductivity tensor described in (3) can be rewritten as
Therefore, we can conclude that in the rotation case, the tissue conductivity does not change and only the source term undergoes a transformation. Stretching is usually not considered in the posture phantom creation, because much more importance is given to maintain the internal tissues, organ continuity, and mass rather than to introduce physiological concepts, such as muscle contraction. Moreover, stretching produces so small deformations that its transformation matrix is approximately equal to the identity one. In this case, the tissue conductivity matrix becomes
In particular, it can easily be demonstrated that the error has the same order of the stretch factor for small deformations when stretching is along one direction. In general, using (2) and (3) instead of (1) simplifies computations to a large extent. The key point is that, in practice, the transformation f can be approximated as a piecewise rigid motion and applied to the source field instead of the computational domain. In fact, when posturing human body, strong deformations are localized in articulations (elbows, knees, and so on): internal organs are only slightly deformed and the brain is not deformed at all. For this reason, we have focused our attention on applying the proposed method to rotation transformation in the 2-D and the 3-D case.
III. TEST CASES
The new approach described in Section II is tested on a 2-D and a 3-D domain.
For the sake of simplicity, the 2-D domain consists of an ellipse with center in the origin of the reference system. The minor semi-axis is on the x-axis with length 1 m, while the major semi-axis is on the y-axis and it is 1.2 m long. The tests are performed by considering an infinite vertical wire along y as source field placed at a distance of 1.6 m from the center of the ellipse on the left-hand side. The operating frequency is 50 Hz and the current flowing through the wire is 1 kA.
In the 3-D domain, to compare the in situ electric field obtained by using the classical approach and the new one, a simplified phantom exposed to a quasi-static magnetic field is considered. It is composed of three regions (Fig. 1) : the torso, the arm, and the junction zone, which connects the arm to the torso. The torso is a parallelepiped with dimension 20 ×10 ×30 cm 3 , the junction is a cylinder with a 4 cm radius and 1 cm length, and the arm is formed by a cylinder equal to the junction connected to another cylinder with the same radius and 34 cm high. The tissue conductivity σ is 0.2 S/m for each tissue.
A one-loop coil with a radius of 15 cm is located 35 cm from the torso and it is centered in the center of the shoulder. The axis of the coil is the y-axis. The operating frequency is 50 Hz, and the current flowing through the coil is 1 kA.
The tetrahedral mesh in the simplified phantom consists of about 33 000 nodes and 178 000 tetrahedra (divided into about 67 000 in the torso, 64 000 in the junction zone, and 47 000 in the arm). Moreover, the mesh size is 1 mm in the junction zone and 15 mm in the torso and the arm.
IV. NUMERICAL RESULTS
In this section, the numerical results obtained in the 2-D and 3-D domains described in Section III are discussed. The ellipse is rotated clockwise by 90 • , and the arm of the 3-D simplified model is rotated by 120 • around the x-axis.
A. 2-D Domain
The tests performed on the 2-D domain are based on a 90 • clockwise rotation of the ellipse by considering as center of rotation the center of the ellipse.
In the reference case [ Fig. 2(a) ], the ellipse is 90 • rotated and it is evident that the maximum exposure is on the lefthand side, the closest one to the source. Fig. 2(b) , instead, shows the induced electric field distribution by using the proposed method. Since in the new approach the domain does not have to be transformed, the ellipse is not 90 • rotated. Although the vertical wire is kept in the same position, in Fig. 2(b) , the ellipse maximum exposure is on the lower side. This is possible thanks to the transformation of the source term (from a to a p ) provided in (3). Fig. 2(c) shows the electric field frequency diagram for both methods. It underlines that the results obtained with the proposed method (red curve) are exactly the same as those obtained with the classical approach (blue curve).
B. 3-D Domain
The classical approach (reference case) and the proposed method have been tested on the simple phantom presented in Section III, Fig. 1 . As described in Section II-C, the geometric transformation used in the numerical simulations is determined by the rotation angle θ of the Jacobian matrix. In the 3-D domain, it is: 1) equal to zero in the torso (no rotation); 2) equal to θ max = 120 • in the arm; and 3) linearly increasing in the junction zone, θ = θ max · (x/x max ) with x max = 1 cm. This linear variation approximates the real movement of the arm.
Since the axis of the coil passes through the center of the shoulder, the phantom maximum exposure is at the end of the rotated arm, as shown in the reference case in Fig. 3(a) . Looking at Fig. 3(b) , we can say that the method works as expected, because, if the classic approaches were used, the maximum exposure should be in the center of the shoulder due to the alignment with the coil axis. However, Fig. 3(b) shows that the highest induced electric field concentration is in the arm extremity, exactly as in the reference case [ Fig. 3(a) ]. Fig. 4 also confirms these results. In fact, paying particular attention between the 90th and the 100th percentile value of the induced electric field (maximum exposure), the results are completely comparable in the torso and in the arm, and there is a little deviation in the junction. The reason is that a complete rotation occurs in the arm, whereas in the junction there is a piecewise rigid motion due to the linear variation of the Jacobian matrix angle. However, the largest deviation in the junction zone, evaluated as the ratio between the induced electric field value computed with the proposed method and the one computed with the classical approach, is ∼1.11. It means that there is an overestimation of 11% (more than acceptable in numerical dosimetry).
V. CONCLUSION
A new approach to perform a dosimetry analysis without a postured body model is proposed. Unlike the classic approach in which all dosimetric computations are performed with a postured phantom, the new method is based on the evaluation of human exposure to electromagnetic fields by using a non-postured domain through a source term transformation.
Among all geometric transformations, rotation best reproduces human body movements. Numerical results in the 2-D and 3-D domains related to this transformation have been reported in Section IV. In the 2-D domain, the results obtained with the proposed method are identical to the reference case. The reason is because rotation is an isometry (rigid transformation) and the use of a simple domain has allowed us not to introduce approximation errors. In the 3-D domain, the numerical results of the induced electric field distribution are comparable in the torso and the arm, while in the junction, there is an overestimation of the 11% between the 90th and the 100th percentile due to the linear variation in the rotation angle. This overestimation is more than acceptable for a dosimetric assessment, since these errors are comparable with the geometric ones due to the posture.
Our next work is to apply the proposed method to a more complicated phantom (e.g., Alvar [14] ) in order to validate it.
